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Experiments were conducted to examine the hypothesis that increased neuronal discharge activity of noradrenergic neurons of the locus coeruleus (LC) above resting discharge rates can alter forebrain electroencephalographic (EEG) activity. Small infusions (70-l 35 nl) of the cholinergic agonist bethanechol within 500 pm of the LC were used to activate this nucleus reversibly in halothane-anesthetized rats. A combined recording-infusion probe allowed verification of this electrophysiological activation. Simultaneously, EEG activity was recorded from sites in the frontal cortex and hippocampus and subjected to power-spectrum analyses.
The findings were (1) LC activation was consistently followed, within 5 to 30 set, by a shift from low-frequency, high-amplitude to high-frequency, low-amplitude EEG activity in frontal neocortex and by the appearance of intense B-rhythm in the hippocampus;
(2) forebrain EEG changes followed LC activation with similar latencies whether infusions were made lateral or medial to the LC; (3) infusions placed outside the immediate vicinity of the LC were not followed by these forebrain EEG effects; (4) following infusion-induced activation, forebrain EEG returned to preinfusion patterns with about the same time course as the recovery of LC activity (1 O-20 min for complete recovery). These infusion-induced effects on EEG activity were blocked or severely attenuated by pretreatment with the a,-agonist clonidine, which inhibits LC discharge and norepinephrine release, or the @-antagonist propranolol.
These observations indicate that enhanced LC discharge activity is the crucial mediating event for the infusion-induced changes in forebrain EEG activity observed under these conditions and suggest that LC activation may be sufficient to induce EEG signs of cortical and hippocampal activation.
Currently available evidence indicates that multiple brainstem systems participate in the control of processes such as arousal and alerting. For example, the involvement of brainstem cholinergic and serotonergic nuclei in the activation of EEG is supported by electrophysiological and pharmacological studies (Vanderwolf, 1988; . A number of obser-vations suggest that the noradrenergic nucleus, locus coeruleus (LC), is also involved in such processes. Many anatomical and physiological characteristics of the LC-noradrenergic system, including the ability of norepinephrine (NE) to enhance stimulus-elicited responses in target neurons and the massively divergent efferent projections of this system, are compatible with this hypothesis (reviewed in Foote et al., 1983; Foote and Morrison, 1987) . Consistent with these observations, cu,-adrenergic agonists, which reduce LC neuronal discharge activity and inhibit NE release, have sedative effects (Laverty and Taylor, 1969; Fink and Irwin, 1981; Itil and Itil, 1983 ) whereas infusions of NE intracerebroventricularly or into forebrain sites induce behavioral activation (Segal and Mandell, 1970; Flicker and Geyer, 1982) .
LC neurons exhibit enhanced discharge rates shortly before and during periods of arousal as indicated by behavioral and forebrain EEG measures (Hobson et al., 1975; Foote et al., 1980; Aston-Jones and Bloom, 198 l) , suggesting a possible causal link between enhanced LC/NE activity and EEG activation (Foote et al., 1980; Aston-Jones and Bloom, 1981) . However, pharmacological and lesion studies have provided mixed support for this hypothesis (for review, see Vanderwolf and Robinson, 198 1) . For example, 6-hydroxydopamine (6-OHDA)-induced depletion of brain NE or electrical destruction of the LC decreased the incidence of low-amplitude, high-frequency EEG activity in some studies (Jouvet, 1972; Jones et al., 1973; Lidbrink and Fuxe, 1973; Lidbrink, 1974) whereas in others such treatments did not affect the incidence of episodes of EEG activation or the proportion of the day spent in the waking state (Jones et al., 1977 ; for review, see Vanderwolf and Robinson, 198 1) . Such contradictory results could be related to compensatory mechanisms that act to minimize the functional consequence of noradrenergic-specific lesions (Diaz et al., 1978; UPrichard et al., 1980; Bet-ridge and Dunn, 1990) . Consistent with this, Lidbrink (1974) observed time-dependent effects of 6-OHDA lesions of the dorsal noradrenergic bundle on EEG activity; the lesions induced an increase in slow-wave activity and synchronization that disappeared approximately 7 d following the lesion.
Unfortunately, the two techniques typically used to activate brain nuclei acutely, electrical stimulation and local infusions, are not well suited for application to the LC. Electrical stimulation of the LC poses problems due to the small size of the LC, the close proximity of other nuclei involved in the regulation of the EEG, and the concomitant activation of fibers of passage. Local infusion generally relies on stereotaxic placement of an infusion needle. The small size of the LC makes the consistent placement of such a needle within or immediately adjacent to this nucleus virtually impossible. Consequently, large infusion A recording/infusion probe was used to record LC neuronal impulse activity before, during, and after infusions of bethanechol into peri-LC sites. These infusions activated LC neurons and, presumably, their efferent projections to hippocampus, neocortex, reticular formation, thalamic nuclei, and many other sites. EEG recordings were obtained simultaneously from frontal cortex (bipolar) and hippocampus (monopolar).
EEG Recordings volumes, which spread over large areas, are necessitated to guarantee spread of the infusion to the LC.
We have previously described a method for the selective, acute, potent, and verifiable activation of the LC (Adams and Foote, 1988) . This technique utilizes electrophysiological recordings to enable placement of infusions of the cholinergic agonist carbamyl-&methyl choline chloride (bethanechol) within 150-500 pm of the nucleus. These infusions typically activate LC neurons to rates three to five times their basal discharge rates. The close proximity of the infusion site allows the use of small volumes that greatly limit the spread of the infusion to other brainstem structures while at the same time not damaging the LC. Importantly, this technique provides verification and allows quantification of the LC activation, and permits analysis of the temporal relationship between the onset and offset of LC activation and any observed physiological effects. Using this approach, the present study examined the effects of LC activation on EEG activity in cortical and hippocampal sites.
Materials and Methods
Animals and surgery. Male Sprague-Dawley rats weighing 250-350 gm were anesthetized with halothane using a face mask. A tracheotomy was then performed, and halothane (0.75-1.2596 in air) was administered via this route for the duration of the experiment. The animal was placed in a stereotaxic instrument with the incisor bar set 11.5 mm below the ear bars. Body temperature was maintained at 36-38°C.
Clonidine and propranolol administration. Clonidine (50 &ml, 50 &kg; Sigma Chemical Co.) dissolved in saline was administered through a lateral tail vein 2 min prior to initiation of peri-LC bethanechol infusion. m-Propranolol (Sigma Chemical Co.) was dissolved in saline containing 2% Pontamine sky blue and was administered into the contralateral lateral ventricle (i.c.v.) at a concentration of 200 rg/4 ~1 using a 1 O-p1 syringe stereotaxically lowered into the ventricle at the time the LC infusion needle was lowered. The syringe was filled with 4 ~1 of propranolol followed by 0.5 ~1 of air and then 4 ~1 of saline. Intracerebroventricular injections consisted of 4 ~1 given over a 60-90 set interval. The injection needle remained in the ventricle until the end of the experiment.
LC recording/drug infusions. The experimental preparation is depicted in Figure 1 . The procedure used for LC recordings and infusions was that described previously (Adams and Foote, 1988) . Briefly, a small hole (2-3 mm in diameter) centered at 1.4 mm lateral to the midline and 4.0 mm caudal to the point at which the lambdoid and midline sutures intersect was drilled through the skull. A recording/infusion probe, consisting of a stainless-steel microelectrode glued parallel to a shorter piece of 26 ga hypodermic tubing, was used to locate the LC. LC neurons were tentatively identified based on previously described criteria (Valentine et al., 1983) . After the I.2 was located, the probe was raised 2 mm, a 33 ga infusion needle, which extended to the depth of the electrode tip with a lateral displacement of about 300 pm, was inserted into the guide tube, and the probe was lowered to the depth of the LC. The infusion needle was attached to PE20 tubing via a 27 ga stainless-steel sleeve glued to the needle. The other end of the tubing was attached to a 5 gl syringe, the plunger of which was advanced using a micrometer drive. Infusions consisted of 70-l 35 nl of bethanechol(1 ng/nl; 5.1 mM) given over a 60 set period. The distance separating the recording electrode and the infusion needle resulted in infusions that were always outside of the LC and thus avoided infusion-induced damage to this nucleus (Figs. 2, 3) . EEG recording. A bipolar surface-to-depth recording electrode was used to record the cortical EEG (ECoG). The electrode consisted of two adjacent varnish-insulated wires (0.25 mm in diameter) with a 2 mm vertical tip separation. An opening was made over the left frontal cortex (A, +3.0; L, 1.5; relative to bregma, ipsilateral to LC), and the electrode was lowered until the shorter wire was 100-200 pm below the cortical surface. The hole was filled with bone wax, a jeweler's screw was threaded into the skull adjacent to the electrode, and the electrode was cemented into place.
Hippocampal EEG (HEEG) recordings were made through a monopolar electrode lowered into the dorsal hippocampus (A, -4.5; L, 2.0; V, -2.5; relative to bregma, ipsilateral to LC). This recording electrode was referenced to a screw electrode placed over the contralateral parietal cortex, in contact with the dura.
EEGanaZysis. EEG signals were amplified, filtered (0.1-50.0 Hz bandpass), and recorded on a polygraph and on magnetic tape. Three 11 set EEG segments from each experiment, defined as "pre-infusion," "postinfusion," and "recovery," were selected for power-spectrum analysis fPSA). Each seament was digitized at a samolina freauencv of 700 Hz and was tapered at the ends as a cosine function~TheXpre-infusion segment was defined as beginning 4 1 set prior to the start of the infusion. The post-infusion period began 30 set after the onset of the first unambiguous change in the EEG as judged by visual inspection. In all cases, this was within the 2 min period following initiation of the infusion. The recovery period was defined as beginning 2 min following the first reappearance of pre-infusion-like EEG activity in either channel. Each segment was subjected to fast Fourier transform and PSA. The mean absolute and mean relative power (percentage of total power) were calculated for the frequency bands 0.8-2.7 Hz, 2.7-6.8 Hz, Hz. These frequency bands were selected on the basis of visual inspection of EEG patterns as being sensitive to changes induced by sensory stimulation such as tail pinch.
Statistical analysis. Absolute power and relative power for each frequency bandwidth were analyzed by a one-way, repeated-measures ANOVA. When statistical significance was indicated (p < O.OS), post hoc analysis was conducted using Duncan's multiple-range test.
Histology. Following each experiment, cathodal current was passed through the LC electrode (10 PA/ 10 set) to mark the recording site. The infusion needle was removed, filled with 2% Pontamine sky blue dye, and placed back into the guide tube, and 70-l 35 nl of dye was infused over a 60 set period. The animal was deeply anesthetized and perfused with 50 ml of a solution of 4% formaldehvde and 5% notassium ferrocyanide so that the Prussian blue reaction could be used to visualize the LC recording site. The brain was removed and placed in 50 ml of the perfusion solution containing 1 ml of glacial acetic acid. Following a minimum of 48 hr, the brain was frozen and 75 pm sections were taken through the areas in which the EEG and LC recording electrodes, and when appropriate the intracerebroventricular needle, had been placed. The sections were stained with neutral red dye for subsequent examination of the LC recording and infusion sites and the placement of the ECoG and HEEG electrodes. An unstained section through the LC demonstrating the placement of both the recording electrode and the infusion needle for a typical experiment is shown in Figure 2 . For experiments involving intracerebroventricular injections, localization of the dye in the ventricular system was noted.
Data selection. Data from a particular animal were included in the analyses when EEG electrode placements were accurate, EEG recordings were electrically adequate, and brainstem recording and infusion sites could be anatomically verified.
Results
General observations. Subjects exhibited stable EEG patterns during periods when they were not receiving sensory stimulation or LC infusions. A typical EEG record for such a period is shown in the pre-infusion portion of Figure 4 . In the ECoG, slow frequencies and large amplitudes predominated. This pattern is similar to that observed during slow-wave sleep (Timo-Iaria et al., 1970) . In the HEEG, mixed frequencies and amplitudes were present. These patterns were stable for up to 120 min once anesthetic status had stabilized. Usually, 0.5-l .O% halothane was necessary to maintain a level of anesthesia characterized by these patterns and a total lack of motor responses to noxious stimulation. This was the baseline condition under which experiments were conducted. Once data collection for a particular experiment was initiated, halothane levels were not altered. A total of 39 infusions in 28 animals were studied in these experiments.
Histological verification and eflects of infusions on LC activity. Peri-LC bethanechol infusions that enhanced LC neuronal discharge activity, as verified by recordings from individual or multiple neurons, were made in 25 animals. These infusions increased LC neuronal discharge in the vicinity of the electrode three to five times baseline levels. The maximum discharge rate was attained within 1 min from onset of the activation and was maintained for 2-3 min. Following this, discharge rates gradually decreased over a 10-l 5 min period until reaching pre-infusion levels (see Adams and Foote, 1988) . For all of these effective peri-LC bethanechol infusions, the recording site was localized to the main body of the LC, and the infusion site was generally centered within a 200-500 pm radius of the nucleus Figure 2 . Photomicrograph of the LC recording and peri-LC infusion, sites from a typical experiment. The LC (small arrow) is the collection of small translucent cells, the ventral border of which is even with the tip of the infusion needle (N). The recording electrode site (E) appears as a small dark circle on the medial edge of the LC. The dark streak extending above the recording site is blood and extends to the dorsal edge of the LC. The infusion site is the enlarged portion of the track created by the infusion needle. The large translucent cells to the right of the infusion needle tip are those of the mesencephalic nucleus of the trigeminal nerve. CB indicates cerebellum. Scale bar, 250 pm. , (see Figs. 2, 3) . In most cases, activity from one or two isolated neurons could be recorded during the baseline condition, but the infusion would activate nearby neurons sufficiently so that only multiunit activity could be recorded during the infusion and immediate post-infusion interval.
Eflects of infusions on ECoG and HEEG: latency. Bethanechol infusions that activated LC neuronal discharge activity induced. substantial changes in the ECoG and HEEG (see Figs. 4, 5, 7, 8 to LC resulted in similar latencies between the onset of the LC and EEG responses; latencies as short as 5 set were observed with both medial and lateral infusions. Similar effects of bethanechol on LC and EEG activity were observed with repeated infusions separated by approximately 30 min. In the one animal in which EEG responses were observed prior to the LC response, histological examination revealed that this case was unique in that the recording and infusion sites were on opposite sides of the LC (medial and lateral, respectively). Eflects of infusions on ECoG and HEEG: recovery. Typically, EEG and LC activity returned gradually toward the pre-infusion state over a several-minute period beginning within the few minutes following the infusion (Figs. 4, 5) . The recoveries of both the ECoG and HEEG were observed simultaneously and appeared to involve two stages. The first occurred within 5 min of the onset of the EEG response and consisted of a return of slow-wave activity in the ECoG and the loss of the predominance of o-like activity in the HEEG. The second phase of recovery was marked by the return of the highest frequencies in both the ECoG and HEEG. This recovery of high-frequency components was closely correlated with the return of LC discharge rates to pre-infusion levels.
Eflects of infusions on ECoG and HEEG: power-spectrum analyses. The effects of peri-LC infusions on ECoG and HEEG power spectra were statistically analyzed for the first 11 animals. Because of variability in EEG recording electrode placement, it was not always possible to obtain both ECoG and HEEG recordings from all animals. The PSA results were consistent with the qualitative observations described above (Fig. 5, Table 1 ).
In the ECoG, peri-LC infusions significantly decreased the mean absolute power of all frequency bands. The magnitude of this decrease 0, < 0.01) ranged from 64% in the 0.8-2.7 Hz band to 30% in the 34.7-43.8 Hz band. Relative power was significantly decreased @ < 0.01) in the 0.8-2.7 Hz frequency band and significantly increased (p < 0.01) in the 20.0-34.7 Hz and 34.743.8 Hz bands. Two minutes following the return of largeamplitude, slow-frequency components of the ECoG, the majority of these power spectrum effects had disappeared. The exception to this was the persistence of a significant decrease (p < 0.05) in the mean absolute power of the highest (34.7-43.8 Hz) frequency band.
In the HEEG, bethanechol infusions significantly decreased (p < 0.0 1) the absolute power of all frequency bands except that of the 2.7-6.8 Hz (0) band. Correspondingly, the relative power of the 2.7-6.8 Hz frequency band was increased (p < 0.0 1). The relative power of the 0.8-2.7 Hz frequency band was significantly decreased @ < 0.01).
By visual inspection and PSA, these bethanechol-induced EEG effects were similar to those observed in this preparation following noxious stimulation, such as tail pinch or paw pinch (Fig. 6) .
Effects of infusions on ECoG and HEEG: control infusions. In a further set of experiments, a number of infusions were made at varying distances (500-l 200 pm) outside the immediate vicinity of the LC that were without effect on either ECoG or HEEG activity (Fig. 3) . The majority (11 of 14) ofthese infusions were made in animals in which a peri-LC infusion was observed to increase LC neuronal discharge activity and induce the EEG responses described above. The remaining three infusions were made inadvertently outside the immediate region of the LC. All of these infusions were made in animals in which tail pinch activated both ECoG and HEEG. The location and distances from the LC (measuring the distance between the center of the infusion and the point along the LC border closest to the infusion) of these ineffective sites included (1) the cerebellum just above the fourth ventricle (three infusion sites, 500, 700, and 900 Km dorsal to LC); (2) In each experiment, bethanechol-induced changes in EEG activity were observed simultaneously in both the ECoG and HEEG recordings. Bethanechol was infused at a constant rate throughout the interval indicated. EEG activity is shown in the fop trace of each panel, the raw trigger output from LC activity in the middle truce, and the integrated trigger output (10 set intervals) in the bottom truce. In A, LC activity is seen to increase during the latter part of the infusion, and several seconds later, reduced amplitude and increased frequency become evident in the ECoG trace. As LC activity begins to decrease following the infusion, ECoG amplitude begins to increase and its frequency decreases. In B, enhanced LC activity becomes evident in the latter part of the infusion period, and several seconds later &rhythm begins to dominate the HEEG trace. For the remainder of the trace, LC activity remains elevated and &rhythm predominates.
sites, 700 and 800 pm); (3) ventrolateral to the LC (three infusion sites, 500, 1000, and 1200 pm); and (4) ventromedial to the LC (five infusion sites, 500, 650, 700, 900, and 1000 pm from LC).
In the sites ventrolateral to the LC, bethanechol infusions increased the discharge rates of nearby neurons. Finally, a peri-LC saline infusion (300 pm from LC) had no effect on either LC activity or measures of EEG in an animal in which both of these measures subsequently responded to bethanechol infusion (data not shown). Effects of infusions on ECoG and HEEG: antagonism by clonidine and propranolol. To test the dependence of bethanecholinduced EEG activation on NE release, the effects of the 01~-agonist clonidine, known to suppress LC firing and NE release (Svensson et al., 1975; Warsh et al., 198 l) , and the @-adrenergic antagonist propranolol on the EEG response to LC activation were examined.
To determine the effects of clonidine (n = 5) the sequence of treatments was as follows: (1) bethanechol infusion without a preceding intravenous injection, (2) bethanechol infusion 2 min after intravenous saline, (3) bethanechol infusion 2 min after intravenous clonidine (50 pgkg). All intravenous injections were administered 15 min after the return of EEG activity to baseline following the previous infusion. In all five animals, peri-LC bethanechol, either alone or following intravenous saline, activated the ECoG and HEEG in a manner similar to that described above. Clonidine severely inhibited basal LC neuronal discharge activity. However, it did not completely prevent an activation of LC neurons by bethanechol. Clonidine increased basal slow-wave activity and blocked (n = 4) or severely attenuated (n = 1) bethanechol-induced changes in both ECoG and HEEG activity (data not shown). This dose of clonidine also appeared to increase the level of anesthesia of the animal as Figure 5 . Raw EEG data (top truces) and power-spectrum analyses (bottom panels) from the pre-infusion, post-infusion, and recovery periods of a typical experiment. Bars indicate the exact 11 set interval utilized for each power-spectrum analysis. There is an 80 set gap between the preand post-infusion traces, and a 5 min, 20 set gap between the post-infusion and recovery traces. The most striking post-infusion changes are the loss of activity at approximately 1 Hz in both traces and the emergence of dominant e-activity in the HEEG trace and power spectrum. Shading indicates the frequency band corresponding to 0 (2.7-6.8 Hz) in the HEEG power spectra.
indicated by the blockade of the tail pinch-induced activation of both the ECoG and HEEG, an effect that persisted for approximately 40 min.
To test the effect of /3-adrenergic receptor blockade, the P-antagonist propranolol (200 fig, i .c.v.) was administered prior to bethanechol infusion (n = 6). The sequence of treatments was as follows: (1) bethanechol infusion without a preceding intracerebroventricular injection, (2) bethanechol infusion 15 min after intracerebroventricular saline, (3) bethanechol infusion 15 min after intracerebroventricular propranolol, (4) in some animals, bethanechol infusion 60 min after intracerebroventricular propranolol. Intracerebroventricular injections were performed 15 min after the EEG had recovered from the preceding carbachol infusion. In all six animals, bethanechol, alone or following intracerebroventricular saline, affected LC and EEG activity as described above. Propranolol had no effect on basal or bethanechol-induced changes in LC activity. In five of six animals, propranolol increased slow-wave activity in both the HEEG and ECoG. In three of these animals, this effect persisted the entire 15 min prior to bethanechol infusion. Propranolol blocked (n = 4) or severely attenuated (n = 2) the bethanecholinduced activation of both the ECoG and HEEG. In one of the four animals, the HEEG electrode placement was immediately ventral to the hippocampus. The effect of bethanechol as recorded at this electrode was primarily an increase in high-frequency activity, and this was completely blocked by propran-0101. The effectiveness of propranolol was noticeably diminished 60 min following intracerebroventricular administration. Propranolol did not affect or only slightly diminished tail pinchinduced activation of either the ECoG or HEEG. Data from three animals with good HEEG recordings are shown in Figures  7 and 8 . Similar effects were observed with intravenous propranolol administration (2-5 mg/kg). With this route of administration, however, a transient activation of EEG activity was observed immediately following injection, likely due to cardiovascular effects of peripherally administered propranolol. Discussion Summary of results. Peri-LC infusions increased LC neuronal discharge rates and resulted in pronounced changes in the ECoG and HEEG within 5-30 set following the onset of LC activation. ECoG changes were characterized by a reduction of absolute power at all frequency bands examined, decreased relative power in the lowest frequencies, and an increase in relative power at the highest frequencies. In the hippocampus, LC activation was followed by the appearance of nearly pure o-activity (2.7-6.8 Hz). The recovery of both ECoG and HEEG involved two general stages. The first was characterized by a recovery of lowfrequency power within 2-5 min, while the second was marked by the return of the higher frequencies. This second stage normally occurred 10-15 min after the infusion and was closely correlated with the completion of the recovery of LC discharge rates to baseline levels. These effects were not observed when the infusions were made outside the immediate region of the LC and were blocked by intravenous clonidine or intracerebroventricular propranolol.
Methodological considerations. The present and previous observations (Adams and Foote, 1988) indicate that exact placement of the infusion needle in a pericoerulear position is critical for producing reliable effects on LC neuronal discharge activity. Differences of 200 pm in any dimension in the placement of this needle profoundly alter the effects of the infusion. Accurate placement of the infusion diminishes the volume and concen- Figure 6 . Power spectra illustrating the effect of foot pinch on ECoG and HEEG activity. Pre-pinch data illustrate typical baseline activity. The pinch spectra reflect the decreased slow-wave activity and proportionately increased high-frequency activity in the ECoG, and the increased B-activity in the HEEG.
tration of drug needed to obtain a particular level of effect. These
The above observations are in apparent conflict with the oband other observations (Adams and Foote, 1988) indicate that served spread of small infusions (100 nl) of radiolabeled carthe effective size of the infusion site is no larger than 400-500 bachol over an area with a radius ofapproximately 1 mm (Gnadt pm in radius. This greatly increases the power of the inference and Pegram, 1986). However, in this study, the exposure time that the site of action is within a short distance of the tip of the (3 weeks) was adjusted to permit a sensitivity capable of deinfusion needle. Similar restricted effects of small, local infutecting radioactivity at a concentration of l/10,000 that of the sions on physiological and behavioral responses have been reinfusate. The dose of bethanechol used in the present studies is ported by others (e.g., S. P. ; X. Zhang et such that dilution of this dose by a factor of 10 would eliminate al., 1990).
any physiological effects on the LC (Adams and Foote, 1988) . after the first appearance of a change in EEG activity. When there was no obvious HEEG response (propranolol condition, A), an HEEG segment was used that began the same number of seconds following the start of LC activation as occurred in the saline condition. In the presence of saline, bethanechol decreased slow-wave and increased B-activitv. This effect was not diminished 2 min after the onset of the HEEG activation. Propranolol blocked this activation in animal A and severely attenu&ed it in animal B.
Other documented physiological and behavioral effects of carbachol do not display a greater sensitivity than that we observe on LC activation (Gnadt and Pegram, 1986; Baghdoyan et al., 1987 Baghdoyan et al., , 1989 Sakai et al., 1990) . Therefore, it is extremely unlikely that the spread of carbachol over a distance of 1 mm accurately reflects the range over which small infusions of carbachol elicit physiological effects. Our experience has consistently been that LC activation is not observed unless the beveled side of the infusion needle is pointing directly toward the LC, even when in close proximity to the recording electrode (200-400 pm). This indicates that in the present experiments, diffusion was extremely limited (less than 400 pm) in the direction directly behind and to the sides of the infusion needle. Together, our observations suggest that bethanechol infusions alter neuronal discharge activity within a highly restricted zone around the infusion needle. Furthermore, they highlight the need for electrophysiological verification of the effective size and duration of action of local infusions and indicate that the spread of a physical marker (dye, radioactivity) is not sufficient in this regard.
Site of action. The observation that LC activation precedes forebrain EEG changes and does so with relatively short latenties strongly implies that LC activation is the crucial mediating event in producing these infusion-induced EEG effects. In the only case where LC activation followed the EEG response, the LC recording electrode and infusion needle were positioned such that the drug diffused across the width of the LC to activate neurons in the vicinity of the recording electrode. Thus, in this case a majority of LC neurons were presumably activated prior to the activation recorded by the electrode. Furthermore, neither LC activation nor changes in the EEG were ever observed in the absence of the other. Infusions made at distances greater than 500-600 pm from the LC were without effect on either the ECoG or HEEG, indicating that bethanechol is not acting at sites distant from the LC.
Although the present method and results cannot entirely preclude the possibility that another structure within a few hundred microns of the LC is the primary site of action for the observed EEG effects, the following observations argue against this possibility. First, the ability of the q-agonist clonidine and the P-antagonist propranolol to block or severely attenuate the bethanechol-induced EEG activation indicates the dependence of this activation on NE release. Clonidine appeared to increase the level of anesthesia in our preparation, an action consistent with previously described effects of this drug (Kaukinen and Pyykko, 1979; Bloor and Flacke, 1982) . Such an effect could result from an action not related to the inhibition of NE release (stimulation of postsynaptic a,-receptors) or through the modulation of an alternate neural pathway. Therefore, it is possible that the blockade of the bethanechol-induced EEG activation resulted from the enhanced level of anesthesia and not through a mechanism related to the activity status of the LC-noradrenergic system. However, such an argument cannot be made for the ability of propanolol to block the bethanechol-induced EEG activation. Propanolol did not appear to affect the level of anesthesia as judged by EEG responsivity to sensory stimulation (tail pinch). Second, similarly short latencies (within 5 set) between activation of the LC and EEG were observed whether the infusions were placed laterally or medially to the LC. The short time between LC and EEG activation, with LC activation preceding EEG activation regardless of position relative to the LC, reduces the plausibility of an alternative site of action either directly lateral or medial to the LC. For example, if the critical site were medial to the LC, then medially placed infusions should have activated the EEG prior to LC activation, or at least with a shorter latency between LC activation and EEG activation than laterally placed infusions. Furthermore, such a site ofaction would not be consistent with the pattern of the effective and ineffective infusion sites we observed (Fig. 3) .
Other brainstem areas implicated in the regulation of EEG activity include the dorsal raphe, the peribrachial region of the peripeduncular tegmental area, and the lateral dorsal tegmental nucleus (LDT). Of these, only the LDT is possibly sufficiently close to the LC to have been affected by the bethanechol infusions. However, the main body of the LDT is a minimum of 600-800 pm anterior to that of the LC where the majority of our bethanechol infusions were made. Thus, for the reasons stated above, it is extremely unlikely that bethanechol acted at the LDT to produce EEG activation in these experiments. Furthermore, carbachol (a cholinergic agonist) has a predominantly inhibitory effect on LTD neurons in vitro and in vivo (Leonard and Llinas, 1988; El Mansari et al., 1990) an effect that would be predicted to inhibit EEG activation . Finally, such an action would not be consistent with the antagonism of the bethanechol-induced EEG activation by clonidine and propranolol.
Taken together, the above observations indicate the dependence of the bethanechol-induced EEG activation on LC activation under these experimental conditions. The present results are consistent with the observation that noradrenergic a,-agonists increased EEG measures of wakefulness in rats (Pellejero et al., 1984) and cats (Hilakivi, 1983) . Similar results have been observed following administration of the a,-antagonist yohimbine at a dose that increases NE release (Pellejero et al., 1984) . The mixed results observed following administration of the cy,-antagonist prazosin (Makela and Hilakivi, 1986; Kleinlogel, 1989) could be explained by the action of parallel neural systems unaffected by this treatment that also activate EEG.
The present results are especially interesting because they indicate that LC activity levels are not only correlated with but can be causally related to measures of forebrain activation. Specifically, LC activation may be sufficient, although possibly not necessary, for forebrain activation. This hypothesis is compatible with the idea that there are other ascending activating systems that are also sufficient but not necessary for forebrain arousal (Vanderwolf and Robinson, 198 1; Buzsaki et al., 1988; Steriade and McCarley, 1990) . The apparently redundant and/ or compensatory actions of other ascending activating systems could explain why LC-noradrenergic lesions that are followed by a recovery period have often been ineffective in altering patterns of EEG activity (see Vanderwolf and Robinson, 198 1) . Also, it is possible that in the anesthetized preparation used in the present studies, the activating effects of these other systems are largely blocked or diminished, permitting the effects of experimentally induced LC activation to become fully expressed.
Although it is well established that there are monosynaptic projections from the LC to neocortex and hippocampus (reviewed in Foote et al., 1983 ) the present studies did not address whether these projections mediate the EEG effects observed following LC activation. Alternatively, LC noradrenergic input to other regions known to modulate ECoG and HEEG, such as the nucleus reticularis and relay nuclei of the thalamus, or septal and brainstem cholinergic nuclei, could also explain the observed results (Buzsaki et al., 1983; Vanderwolf, 1988; Pape and McCormick, 1989; . Many different physiological effects of P-receptor stimulation have been observed in these regions (see McCormick and Pape, 1990; Nicoll et al., 1990) . Our observations do not address which of these P-receptor-mediated effects might be responsible for the observed LC stimulation-induced activation of forebrain EEG. The ability of bethanechol to activate LC discharge rates in vivo is consistent with the observations of in vitro studies on cholinergic modulation of LC neuronal activity (Egan and North, 1985) . The extremely high AChE content of the LC suggests that it receives a cholinergic innervation, although it has been difficult to demonstrate cholinergic axons in the rat LC (Ruggiero et al., 1990 ; but see Shipley et al., 1990 ). The source of any possible cholinergic innervation is presently unknown. Given the evidence indicating a cholinergic modulation of EEG activity (Vanderwolf, 1988; it is possible that one pathway through which cholinergic systems modulate EEG activity involves the activation of LC-noradrenergic neurons and that bethanechol infusions crudely mimic the activity of such input.
SigniJicance of the anesthetized preparation. In halothaneanesthetized rats, cortical and hippocampal EEG typically exhibit activity similar to that of slow-wave sleep. However, periods of EEG activity much like those observed during waking are sometimes evident spontaneously and are reliably observed following delivery of a noxious stimulus, such as a tail pinch, even in the absence of any overt response to such stimulation. This anesthetized preparation offered distinct advantages for the present study. The EEG status of the unstimulated, anesthetized animal is quite stable and offers a reliable baseline against which to assess the effect of treatments. Also, the recording of LC neuronal activity is achieved much more easily than in the unanesthetized preparation and similarly displays stable discharge rates, making reliable, reversible activation feasible. It is possible that the processes underlying LC-induced forebrain activation in the present study reflect mechanisms that also influence EEG status in the unanesthetized rat. The EEG changes observed after LC infusion mimic those induced by noxious stimulation in the anesthetized rat and those that accompany certain episodes of arousal in unanesthetized rats. and Foote * Locus Coerul eus and Forebrain EEG In any case, the degree of involvement of the LC in regulating EEG activation and behavioral arousal in the unanesthetized animal remains to be determined.
Sedative effects of a,-agonists. Also consistent with the current observations are the sedative effects of acute systemic, intracerebroventricular, or intra-brainstem administration of drugs that interfere with central NE neurotransmission.
For example, the sedative effects of certain a,-adrenergic agonists such as clonidine are well known (Gatti et al., 1988; Waterman et al., 1988) . Such agents are now commonly used as adjuncts to surgical anesthesia since they reduce the effective anesthetic dose (Kaukinen and Pyykko, 1979; Bloor and Flacke, 1982) . The observation that enhanced LC activity produces forebrain activation lends indirect support to the hypothesis that part of the sedative effects of cu,-agonists may be mediated by their inhibition of LC neurons. The most relevant previous observations are those of De Sarro et al. (1987, 1988, 1989) , who found that infusions of clonidine into the region of the LC in unanesthetized rats produced sedation while infusions of yohimbine (an cu,-antagonist) produced ECoG activation. Although provocative, these studies have technical limitations, such as the large volumes and high delivery rates ofthe infusions and the lack of electrophysiological verification of the placement of the probe, that make interpretation of the results difficult.
Is the activation observed like that of REM sleep? An alternative interpretation of the present observations is suggested by previous findings that carbachol infusions at certain brainstem sites produce REM sleep-like states that are also characterized by EEG signs of intense arousal (Hobson et al., 1986; Baghdoyan et al., 1987 Baghdoyan et al., , 1989 . These states often include the striking muscle atonia of REM sleep. It is possible that our peri-LC infusions elicited an REM sleeplike state by acting either on the LC or on some other site. Some observations that argue against this interpretation are (1) the effective sites for eliciting REM sleeplike states are not near LC (except see Vanni-Mercier et al., 1989) ; (2) the effects of the present peri-LC infusions are only evident when infusion sites are within about 500 pm of LC; and (3) the REM sleep-like states produced by carbachol infusions usually require much larger infusions and have a longer latency to onset and duration than the effects we observed. Furthermore, the placements of many of our ineffective infusions were close to a region of the anterodorsal pontine tegmentum previously described as being particularly effective for carbachol-induced desynchronized sleep (Baghdoyan et al., 1987) . Finally, LC neurons are essentially silent during physiological REM sleep (Hobson et al., 1975; Foote et al., 1980; Aston-Jones and Bloom, 198 1) . Thus, the state induced in the present studies would be very unlike physiological REM sleep, since LC neurons were highly activated.
Possible relevance to behavior. The EEG changes observed after LC infusion mimic those induced by noxious stimulation in anesthetized rats and those that accompany certain episodes of arousal in unanesthetized rats. These observations suggest that the LC-noradrenergic system might be a regulator of forebrain activation in behaving animals. Vanderwolf and colleagues have suggested that behavior can be divided into two general categories (see Vanderwolf and Robinson, 1981) . The first, termed type I, can be referred to as voluntary or purposeful and includes behaviors such as walking, running, and isolated movements of the head. These behaviors are always associated with o-activity in the hippocampus.
Type II behaviors include licking, chewing, and grooming and are not associated with hippocampal o-activity. This is of interest in that this general classification of behaviors is analogously correlated with LC activity (Aston-Jones and Bloom, 198 1). During automatic-type behaviors such as grooming and eating the LC is relatively inactive. However, when the animal moves its head to attend to the environment or engages in other behaviors directed toward the environment, the discharge rate of LC neurons increases. Thus, it is possible that the classification of type I and type II behaviors in terms of hippocampal 0 might, in part, result from a relationship between LC activity, hippocampal 0, and type I behaviors.
